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Main Text 
Summary 
Diatoms are prominent marine microalgae, interesting not only from an ecological point of view, but also for 
their possible use in biotechnology applications. They can be cultivated in phototrophic conditions, using sun-
light as the sole energy source. Some diatoms, however, can also grow in a mixotrophic mode, wherein both 
light and external reduced carbon contribute to biomass accumulation. In this study, we investigated the con-
sequences of mixotrophy on the growth and metabolism of the pennate diatom Phaeodactylum tricornutum, 
using glycerol as the source of reduced carbon. Transcriptomics, metabolomics, metabolic modelling and 
physiological data combine to indicate that glycerol affects the central-carbon, carbon-storage and lipid me-
tabolism of the diatom. In particular, provision of glycerol mimics typical responses of nitrogen limitation on 
lipid metabolism at the level of TAG accumulation and fatty acid composition. The presence of glycerol, de-
spite provoking features reminiscent of nutrient limitation, neither diminishes photosynthetic activity nor cell 
growth, revealing essential aspects of the metabolic flexibility of these microalgae and suggesting possible 
biotechnological applications of mixotrophy. 
* To whom correspondence should be addressed: Dimitris.Petroutsos@cea.fr; Giovanni.Finazzi@cea.fr 
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Introduction 
Diatoms are unicellular eukaryotes responsible for about 20-25% of the global carbon dioxide fixation 
via photosynthesis (photoautotrophy). Resulting from a secondary endosymbiotic event in which a red alga 
was engulfed by heterotrophic eukaryotic host, diatoms display a complex combination of genes and meta-
bolic pathways acquired from endosymbiotic events and horizontal transfer with bacteria and viruses [1]. 
Ultimately, this chimeric metabolism is believed to be an essential component of the great evolutionary 
success [2,3] and the high biotechnological potential of these algae. The potential industrial uses of them 
include the utilization of their silica shell for nanostructures [4], food applications [5] and production of tri-
acylglycerols (TAGs) for biofuel under low-input conditions [6]. Given their metabolic flexibility, different 
growth modes can be envoked in microalgae and diatoms in particular. The first is photoautotrophy, in 
which light energy directly fuels CO2 conversion into reduced carbon via photosynthesis. This requires a 
photochemical conversion by the two photosystems (PSs), PSI and PSII, electron flow to generate reduc-
ing power (NADPH) and ATP, which are consumed for CO2 uptake by Rubisco and the Calvin-Benson-
Bassham (CBB) cycle. 
The second mode is heterotrophy, in which algae grow in the absence of light by fermenting or respiring 
exogenous sugars [7]. Amongst the diatom heterotrophs, two different categories can be recognized: i. 
obligate heterotrophs (i.e. Nitzschia alba) that lack photosynthetic pigments and are thus not able to per-
form photosynthesis and ii. facultative heterotrophs (i.e. Cyclotella cryptica) that can separately perform 
photosynthesis and respiration. C. cryptica is able to grow in presence of glucose in the dark, but displays 
lower productivity than when operating in the photoautotrophic mode [8]. In fact, some microalgae are obli-
gate photoautotrophs due to their possession of an inefficient uptake of carbon (reviewed in [9]). In keeping 
with this observation it was shown that introduction of the gene encoding for the human glucose transporter 
(GLUT1) in P. tricornutum allowed the uptake of glucose in the dark, thereby improving biomass production 
[10]. A third mode of cultivation is mixotrophy, i.e. the growth in presence of both light and organic carbon. 
This mode, which involves the utilization of respiration and photosynthesis simultaneously, is of particular 
interest to understand how the two major systems of energy metabolism harboured by plants and algae 
interact with one another. Various diatoms including P. tricornutum [11], Navicula saprophila, and some 
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N-replete and N-deficient cultures, leading to the MIX and the MIX-N growth media, respectively.
To monitor algal growth, samples were taken daily (at the end of the light period) and growth was esti-
mated by cell counting using a LUNA™ instrument (Logos Biosystems, Inc. USA). The initial inoculum was 
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species of Nitzschia  [12] have been reported to grow mixotrophically, although with different efficiencies 
and substrate specificities. N. saprophila  is able to grow in phototrophic mode as well as in presence of 
acetic acid, both in the presence or absence of light. However, the highest growth rate is observed when 
reduced carbon is added in the light (mixotrophy), roughly corresponding to the sum of the growth rates 
obtained in heterotrophy and phototrophy [12]. 
The model diatom P. tricornutum can grow on glycerol, acetate, glucose and fructose [11,13-15]. Recent 
results showing that diatoms optimise their photosynthetic efficiency via  constitutive energetic interactions 
between mitochondria and plastids [16], have provided a molecular interpretation for mixotrophy. Indeed, 
coupling of respiratory and photosynthetic activities via  exchanges of NADPH and ATP provides a tight 
coordination of these two processes, which should optimize utilization of light and reduced carbon by mixo-
trophy. Since the metabolic consequences of mixotrophy are still poorly studied, we combined metabolic 
modelling, transcriptomics, metabolomics and lipidomics approaches with physiological measurements to 
provide a detailed picture of the metabolic changes induced by this growth mode in an attempt to propose 
possible future applications of this trophic mode in biotechnology. 
Methods 
Algal culture. 
Strains and growth media . Axenic cultures of P. tricornutum (Pt1, CCAP 1055/3, [17]) were grown in 
250 ml flask in artificial seawater ESAW [18] supplemented with additional NaNO3 and NaH2PO4 to reach a 
final concentration of 0.47 g/L N and 0.03 g/L P (this medium will be referred as PHOT from now on). The-
se elevated concentrations ensure that neither N nor P will be depleted during growth [19]. For N-depletion 
experiments, cells were shifted to an N-free medium (called here PHOT-N). Cells were grown in a chamber 
at 20°C, 40 µE m-2 s-1 irradiance with a 12-h-light / 12-h-dark photoperiod and shaking at 100 rpm. For mix-
otrophic growth experiments, filter sterilized glycerol was added at a final concentration of 50 mM to both 
4 
0.5 and 2x106 cells/mL for N-replete and N-deplete condition respectively. Cells were collected after 5 days 
of growth for the various -omics analyses. 
BiologTM plates assessment of growth and respiration. The effect of 190 different carbon sources on 
algal growth was screened to pinpoint possible candidates for mixotrophic cultivation of P. tricornutum
using Phenotype Biolog MicroArrays™ [20]. This microplate assay is based on the use of 96-well plate 
containing pre-arrayed substrates such as carbohydrates, amino acids and carboxylic compounds. In this 
study, 2 x106 cells/mL were resuspended in the PHOT medium [19] and 160 µL were deposited into each 
well. Growth was followed daily and substrates that improve growth were selected from a triplicate experi-
ment. A few select metabolites were scaled up for use in 100 mL flasks. A phototrophic control was grown 
in parallel. 
Nitrogen and phosphate concentration. Nitrogen and phosphate concentration were determined in the 
supernatant using test strips (Reflectoquant nitrate and phosphate), via a Merck RQflex reflectometer (E. 
Merck, 64271 Domsstadt, Germany). In the case of nitrogen, this approach was calibrated using a colori-
metric assay kit to measure nitrite and nitrate (Sigma, USA), following the manufacturer instructions. In the 
case of phosphate, the method was calibrated according to [21]. 
Spectroscopy. 
Chlorophyll Fluorescence Measurements. All the photosynthetic parameters were determined using a 
Speedzen MX fluorescence imaging setup (JBeamBio, France) as described in [22]. For each sample, 3 x 
200 µl of algal culture, at a cell concentration of 1-5 million cells/mL, were transferred in a 24 well plate. 
The maximum quantum yield of PSII (Fv/Fm = (Fm-F0)/Fm) was determined after 15 min of dark incubation, 
where Fm and F0 are the maximum and minimum fluorescence of dark-adapted cells, respectively. Non-
photochemical quenching (NPQ) was calculated as (Fm-Fm′)/Fm′, where Fm′ and Fm are maximum fluores-
cence of light-adapted and dark-adapted cells respectively. Photosynthetic electron transfer rate (ETR) was 
calculated as 0.5 x I x Y(II), where 0.5 represents the fraction of light absorbed by PSII (half of the total 
incident light), I is the incident light intensity and Y(II) is the quantum yield of PSII in the light. The latter is 
defined as (Fm’- Fss)/Fm’, where Fss is the fluorescence emission measured in the presence of the light [23]. 
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Nile Red analysis. Accumulation of triacyglerols was monitored by Nile Red (Sigma-Aldrich) fluorescent 
staining as detailed in [19]. In brief, 40 µL of Nile Red dye (2.5 µg/mL stock concentration, in 100% DMSO) 
were added to 160 µL cell suspension (1-5 million cells/mL) in a 96-well white microplate and mixed. After 
20 minutes of incubation at room temperature in the dark the Nile Red fluorescence was measured 
(530/580 nm: excitation/emission). Data were then normalized per million cells. 
Metabolite analysis 
Glycerol concentration.  The glycerol concentration of 2 mL of filtered supernatant was evaluated using a 
Shimadzu HPLC equipped with a Hi-plex H+ (7.7 X 300 mm) Agilent column. The analysis was performed 
using the mobile phase 5 mM H2SO4. The detection wavelength was set at 880 nm using a RI RID-10A 
Detector with a flow rate of 0.6 mL/min and a temperature of 60°C. Peaks quantification was performed by 
comparison of a range of six standards. 
Total lipid extraction.  Total lipids were extracted according to [24]. About 20 mg of dried cells were ho-
mogenized with 1 mL of chloroform/methanol 2:1. The cells were then lysed using a TissueLyser II (Qi-
agen) with an agitation of 1 minute and a frequency of 300 s-1. The lysate was washed with 200 µl of NaCl 
0.9 % (v/w) and vortexed for some seconds in order to form the emulsion. The solution was centrifuged 5 
min at 60,000 g  to separate the two phases and the lower phase was placed in fresh pre-weighed glass 
tubes. The upper phase was washed with chloroform and subsequently lysis and centrifugation steps were 
repeated in order to recovery more lipids. The wash with chloroform was repeated at least twice. The lower 
phases (containing lipids) were collected in glass tubes and evaporated under a nitrogen stream at 65°C. 
The glass tubes were subsequently re-weighed to determine the percentage of lipids extracted per dry cell 
weight. 
Separation by TLC, and Analyses by GC-FID and MS.  Glycerolipids were extracted from lipid extract of 
P. tricornutum cells as described in [19]. To quantify the various classes of polar and non-polar glycer-
olipids, lipids were separated by TLC on glass-backed silica gel plates (Merck) using two distinct resolving 
systems [25]. To isolate nonpolar lipids including TAG and free FA, lipids were resolved by TLC run in one 
dimension with hexane:diethylether:acetic acid (70:30:1, v/v). Lipids were recovered from the silica powder 
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after the addition of chloroform:methanol (1:2, v/v) thorough mixing and collection of the chloroform phase 
[26]. Lipids were then dried under argon and either quantified by methanolysis and GC-FID of by MS. 
Metabolite extraction and GC-MS Based Metabolite Profiling. Metabolites were extracted with some 
modifications of the protocol described in [27]. Ten-million cells were harvested on a Durapore-HV mem-
brane filter disk of 2.5 cm diameter and 0.45 μm poresize (Millipore, Billerica, MA) by vacuum filtration. The 
filter with the cells was then transferred into a 1.5 ml tube and frozen in liquid nitrogen. Frozen samples 
were stored at −80 °C until metabolite extraction. Metabolites were extracted by immersing the filter in 1 ml 
of 90% (v/v) methanol containing 0.1 μg mL−1. The tubes were sonicated in a water bath type sonicator for 
1 min in ice cold water and then incubated at 4°C for 1 h with shaking. The remaining solution was centri-
fuged at 22,000 g for 5 min at 4 °C. A 50 μL aliquot of the supernatant was used for chlorophyll a determi-
nation whilst 900 μL was reduced to dryness using a vacuum concentrator (SpeedVac concentrator, Ther-
mo, Waltham, MA). Dried samples were stored at −80 °C after filling the tubes with argon gas. The metabo-
lite profile was determined exactly as described in [27]. 
Quantification of intracellular pyruvate. The concentration of pyruvate was evaluated by fluorescence-
based method using the pyruvate assay kit (Cayman chemical). 
Microarray analysis and statistics. 
RNA extraction and gene expression analysis. Total RNA was extracted as described in [28]. Microarray 
processing and analysis was carried out onbiological triplicates as described in [29]. Microarray data have 
been deposited on the Gene Expression Omnibus (https://www.ncbit.nlm.nih.gov/geo/) under the accession 
GSE91004. 
Statistical analysis. Data from the three independent experiments were tested for statistical significance 
of the variations in gene expression. This was determined using the -test implemented in MeV 4.9 [30]. The 
three independent replicates were used to perform a one-class analysis using a p Value of 0.01. A thresh-
old of expression of absolute Log2 (fold change) value > ± 0.75 was used to select genes differentially ex-
pressed between the test and the control conditions. 
Mathematical Modelling. 
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where: the objective is to minimise total ﬂux in the system. 
 		Is the stoichiometry matrix 
 
 Is the rate vector 
 	
 =  Deﬁnes the steady-state constraint 
  deﬁnes the ﬂux of photons (light intensity used in the experiment) 
 		deﬁnes the ﬂux of glycerol into the system which was increased gradually. 
.. ≤ 	..	 	≤ 	 .. Deﬁnes the range of allowable ﬂuxes in the biomass transporters. The lower bound is 
the experimentally observed proportion and the upper bound is arbitrarily 5 times higher. 
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Genome Scale Metabolic Model. A genome-scale metabolic model (GSM) of P. tricornutum was devel-
oped as described in (Singh, 2016 [31], starting from the model of [32]. The current model consists of 449 
reactions, 140 transporters and 355 metabolites and is comprised of cytosolic, plastidial, mitochondrial and 
peroxisomal compartments. It can utilise NO3, NH4, SO4, O2, Pi and inorganic and/or organic carbon as 
input material for biomass production. It has been validated with respect to the laws of energy and mass 
conservation [33], and is able to produce all major biomass components (carbohydrate, lipid, amino acids, 
nucleotides etc.) in phototrophic and mixotrophic conditions in experimentally observed proportions.  
Flux Balance Analysis. The model was analysed using a modiﬁcation of Flux Balance Analysis (FBA) 
[34,35], in which the underlying linear program is repeatedly solved whilst increasing the constraint repre-
senting the photon input ﬂux [36]. For this study, ﬂux in glycerol uptake was increased instead of photon 
input ﬂux and in addition, the proportions of individual biomass components were allowed to vary up to 5 
fold. The FBA formulation is as follows: 
8 
+,-. 	≤ 	 +,-/0.   constraints the rate cyclic photophosphorylation to be no higher than that of 
non-cyclic. 
%12%& 	+ 	20%& 	≤ 4	Sets the upper limit on the sum of the rubisco carboxylase and oxygenase 
reactions. This can be regarded as proxy for overall limitation in the Calvin cycle. For this study, C = 0.8 
mmol/ gDW * hr was based on the ﬂux in rubisco reactions obtained in phototrophic condition with photon 
ﬂux constrained to the experimental value. 
Any solution to this equation thus generates a ﬂux vector, 
, describing the individual ﬂuxes of reactions 
in the system at steady state growth with rates of production of biomass precursor deﬁned by the ﬂux val-
ues in ..	, the biomass transporters. In order to explore potential metabolic responses to increasing glyc-
erol availability, Equation 1.1 was solved repeatedly whilst increasing 	 to represent increasing glyc-
erol uptake. For this aspect of the study, the allowed photon ﬂux into the system, , was constrained to be 
less than or equal to the light intensity used in the experiment and ﬂux in glycerol transporter was varied 
from 0.01 to 1.0 mmol/gDW *hr (experimental glycerol consumption rate was estimated to be ≈ 0.1 mmol/ 
gDW * hr). 
Results 
Consequences of mixotrophic growth on biomass production in P. tricornutum cells. As a first step to in-
vestigate the effect of external reduced carbon sources, we measured growth and physiological properties 
of cells in Erlenmeyer flasks in cells of the pennate diatom P. tricornutum. Experiments were performed in 
the PHOT medium to avoid nitrogen and phosphorous starvation during growth [19]. Glycerol was chosen 
as the respiratory substrate, as its consequences on metabolism have been already studied to some extent 
in this alga, and its low cost makes it a suitable substrate for possible future exploitation for biotechnology 
[11,37]. When tested in 50 mL Erlenmeyer flasks, glycerol enhanced biomass production by a factor of two 
as compared to growth on PHOT medium (Fig. 1A). Its effect was gradual, given the progressive consump-
tion of this compound by the algae (Fig. 1B), and became clearly visible after 5 days of growth. 
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The enhanced growth capacity observed in glycerol supplemented cells resulted in a much faster con-
sumption of nitrogen (Fig. 1C) and phosphate (Fig. 1D), leading to a complete depletion by the end of the 
growth phase. Given that nutrient starvation (nitrogen starvation in particular) affects photosynthesis 
[38,39], we looked for possible effects of glycerol on photosynthetic parameters, measuring the quantum 
yield of PSII (Fv/Fm), the electron flow between PSII and PSI (ETR), and the photoprotective responses of 
the cells, as indicated by the NPQ parameter. We found (Fig. 2), that glycerol addition had only minor ef-
fects on photosynthesis not only at the beginning of the experiment (day one), but also at day five, i.e. after 
the consequences of this compound on growth become evident, as well as at the end of the growth exper-
iment (day 10). As a corollary of this experiment, we confirmed the large decrease in photosynthesis in P. 
tricornutum cells upon transfer to -N that we had previously observed in [19]. 
Flux Balance Analysis of the P. tricornutum metabolic network. Since the glycerol-mediated improve-
ment of biomass productivity in P. tricornutum is not due to a direct effect on photosynthesis, we explored 
its effect on other areas of cellular metabolism. For this purpose, FBA was performed on the GSM of P. 
tricornutum as described in the Methods. The number of reactions in the solution to equation 1.1, varied 
between 339 and 353 over the range of imposed glycerol uptake rates. The greatest variations were in the 
CBB cycle, tricarboxylic acid (TCA) cycle, Oxidative Pentose Phosphate Pathway (OPPP), mitochondrial 
electron transport chain (mETC), photorespiration, glycolysis, lipid synthesis, carbohydrate synthesis and 
lactate excretion. Flux in reactions associated with the CBB, including that of Rubisco and CO2 uptake de-
creased with glycerol uptake. By contrast, ﬂux in reactions associated with photorespiration, the TCA cycle, 
glycolysis, OPPP and photorespiration increased with glycerol uptake. Fluxes in lipid and carbohydrate 
synthesis reactions increased leading to increased production of these classes of storage compound. An 
increased excretion of lactate was also observed with glycerol uptake. The reactions that showed more 
than 1% variation, in response to glycerol uptake, form a connected subnetwork depicted in Fig.3. 
Organic and inorganic carbon were utilised when glycerol was assumed to be available. As shown in 
Fig.3, CO2 is ﬁxed by the RuBP carboxylase reaction (r1 in Fig. 3) which drives the CCB cycle and thereby 
contributes towards biomass production. Glycerol is converted to glycerol-3P by glycerol kinase (r48). It 
can be used as the glycerol-backbone for TAG synthesis and/or is further degraded to DHAP by glycerol-3-
Page 10 of 36
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P dehydrogenase (r49). DHAP can be utilised for X5P and R5P production which can be converted to 
RuBP and enter the CCB cycle orphotorespiration. It can also be utilised for pyruvate production via  glycol-
ysis or can be converted to F6P and G6P via  reactions FBPaldol (r5), FBPase (r6) and G6Piso (r8) which 
may via  subsequent reactions contribute towards an increase in carbohydrate production. Pyruvate can be 
fermented to lactate via  Lacdh (r52) and/or it can be utilised for AcCoA production by Pyrdh (r21). It can 
also be converted by pyruvate carboxylase (r34) to OAA which can then enter the TCA cycle or be utilised 
via  threonine metabolism (r36-r39). 
The RuBP oxygenase reaction (r50) is active and glycolate produced as a consequence is subsequently 
metabolised to glyoxylate and thereafter utilised by the glyoxylate shunt of the TCA cycle. Gly and Ser pro-
duced during the process are metabolised to PGA via  reactions of glycerate metabolism (r40-r45). Reac-
tions involved with (internal) HCO3- ﬁxation namely PEPCarboxylase (r35) and pyruvate carboxylase (r34), 
as well as the TCA cycle and mETC, including the alternative oxidase, are also active. 
Metabolic and transcriptomic assessment of glycerol-mediated changes in P. tricornutum cells. To verify 
our model predictions, we experimentally assessed changes in metabolic pathways. Consistent with our 
prediction, previous results indicate that glycerol affects the cellular lipid content [37]. We confirmed this 
result by measuring TAG accumulation using Nile Red fluorescence (Fig. 4A-B). We found that in nitrogen 
rich medium the presence of glycerol enhanced Nile Red fluorescence at day 5. The choice of day 5 to 
perform metabolic analyses is justified by the need to measure changes at the earliest stage of the glycerol 
response, to avoid artefacts related to cell ageing and/or consumption of other nutrients. Indeed, nutrient 
starvation, that of nitrogen in particular, largely increases the accumulation of TAGsin microalgae [40,41]. 
Thus, day 5, which represents the first data point where significant glycerol effects on growth are detected 
(Fig. 1), was the ideal time point to perform a detailed analysis. 
The finding that glycerol increases Nile Red fluorescence even in N supplemented cells suggests that 
TAG accumulation is also increased by this compound in N replete conditions. This conclusion was further 
substantiated by the quantification of total lipid content (Fig. 4C), and of the DAG and TAG fractions (Fig. 
4D-E) by mass spectrometry. We found that the TAG content was specifically increased by glycerol (Fig. 
4E), in agreement with the Nile Red observations, in both nitrogen replete and starved cells. As expected, 
11 
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we also observed that nitrogen starvation not only induced a substantial TAG accumulation, but also en-
hanced the total lipid content. Conversely, glycerol addition did not modify this parameter significantly (Fig. 
4C). In parallel to the changes in the TAG content, we found that the TAG fatty acid (FA) composition was 
modified by glycerol. In particular, C16:0 and C16:1 FA were higher in glycerol grown cells (Supplementary 
Fig. 1), suggesting that this compound induces de novo  biosynthesis of FA [19,25]. Glycerol also promoted 
accumulation of long chain FAs (i.e.  20:5) that usually correspond to lipids obtained from recycling of mem-
brane lipids, as suggested by the decrease of the phosphatidylcholine (PC) most abundant phospholipid 
species found in extraplastidic membranes of eukaryotic cells [42]. (Supplementary Fig. 1 and 2, respec-
tively). The increase of C20:5 has already been reported following N limitation in P. tricornutum. Thus, we 
conclude that glycerol addition affects lipid metabolism by mimicking most of the effects of nitrogen limita-
tion [19], although clearly to a lesser extent. However, at variance with N limitation, the addition of glycerol 
had a positive effect on growth (Fig. 1A). 
To better understand the effect of glycerol on cellular metabolism, we next compared the metabolite 
profiles of cells grown in the absence (PHOT) and presence (MIX) of this compound. Whilst the levels of 
most of the metabolites analysed by GC-MS were not affected by glycerol addition, a few of them displayed 
significant changes. In particular, six metabolites (lactate, xylose, trehalose, docosahexaenoic acid; DHA 
and mannitol) were increased by glycerol while four (valine, alanine, guanidine and leucine) were de-
creased by this compound (Fig. 5). The changes of lactate, valine, alanine and leucine suggest that glycer-
ol could affect the pyruvate hub (Fig. 6). Given that this metabolite could not reliably be measured via  GC-
MS, to test this possibility, we directly quantify the pyruvate content in the same cell extracts using a com-
mercial kit (Supplementary Fig. 3). We found that glycerol addition increased the pyruvate content, sug-
gesting a higher flux from glycerol to the pyruvate. The finding that pyruvate was increased likely provides a 
rationale for the increased respiratory activity in cells gown on glycerol, measured by a polarographic ap-
proach (Supplementary Fig. 4). On the other hand, the decrease in alanine, leucine and valine all of which 
derive from pyruvate was somewhat unexpected. 
The complementary changes in trehalose and mannitol also point to a change in carbon storage metab-
olism (Fig. 6). The change in DHA is compatible with the modifications observed by lipidomic analysis. To 
12 
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corroborate the hypothesis that glycerol affects primary, storage carbon and lipid metabolisms, we addi-
tionally performed a comparative transcriptomic analysis on microarray using RNA from cultures grown for 
5 days in the presence or absence of glycerol. Statistical analysis on the microarray data revealed 35 
genes to be differentially expressed in the presence of glycerol (Table I). Notably, most of these genes 
encode proteins involved in lipid, amino acid and glycolytic metabolism (Table I), consistent with our con-
clusions concerning central carbon metabolism, lipid biosynthesis and storage derived from our metabolite 
analyses (Fig. 6). 
Finally, the results obtained with glycerol lead us to explore if other compounds could be used as sub-
strates to boost biomass production in microalgae. To identify new substrates, we grew P. tricornutum cells 
in BiologTM plates PM1 and PM2A, supplemented with 190 different carbon sources, for 6 days. This al-
lowed monitoring biomass productivity (via  cell counting). We found that several compounds, not previously 
identified as mixotrophic substrates for P.tricornutum enhanced growth of P. tricornutum cells (Supplemen-
tary Fig. 5). They include fumarate, aspartate, asparagine and serine. Despite the clear benefit of glycerol 
on growth of P.tricornutum in flasks (Fig. 1A, Supplementary Fig. 5B and C), this compound did not im-
prove growth at the microplate scale (Supplementary Fig. 5A). This observation may be due to a lower 
oxygen availability in the microwells circumventing the efficient respiration observed upon glycerol addition 
to liquid cultures (Supplementary Fig 3). However, for the compounds which enhanced growth in the mi-
croplate scale enhanced growth could be confirmed also in liquid cultures, confirming the utility of this ap-
proach in pinpointing biotechnologically relevant mixotrophic substrates. 
Discussion 
Metabolic consequences of glycerol mediated mixotrophic growth. The metabolic flexibility of diatoms 
has often been invoked to explain their evolutionary success. Indeed, these algae can grow in different 
modes: photosynthetically, simply converting the sunlight energy into reduced carbon via photosynthesis or 
heterotrophically via sugar fermentation in the dark. This mode of growth is however not possible in P. tri-
cornutum, which can use sugars in the dark only upon metabolic engineering [10]. On the other hand, P. 
tricornutum can grow mixotrophically, i.e. simultaneously using light and reduced carbon [11,37]. Here, we 
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have investigated the metabolic consequences of glycerol addition on P. tricornutum cells, finding that this 
compound promotes higher growth and modifies the metabolism in terms of accumulation of carbon re-
sources, including lipids and other carbon storage compounds. The results obtained from the modelling 
investigation allow the identiﬁcation of the pathways most likely to be involved in this process. 
Photorespiration. The glycerol metabolism of P. tricornutum was previously investigated, using isotope 
labelling experiments with 13C-glycerol as carbon source [43,44]. These studies highlighted that under 
mixotrophic conditions P. tricornutum cells mostly convert this compound into Gly and Ser. A similar obser-
vation was made in our modelling analysis. As shown in Fig. 3, photorespiration is active and the glycolate 
produced by the RuBP oxygenase reaction can be metabolised to Gly and Ser. The P. tricornutum meta-
bolic network has confirmed the capability to produce Gly and Ser from both photorespiratory and non-
photorespiratory routes [45]. However, an interesting observation is that the model suggests the latter route 
is used under conditions of high glycerol availability. Previous analysis of this model [31] suggests that 
photorespiration becomes active as a result of supra-optimal light intensities. The increased photorespirato-
ry flux is associated with increased fluxes towards Gly and Ser. 
On the other hand, no significant changes were observed in the cellular levels of serine and glycine in 
our experimental analysis, despite the fact that the levels of several other amino acids displayed significant 
changes following the addition of glycerol. The relationship between the concentration of a metabolite and 
the fluxes of the reactions in which it is involved is complex and potentially counter intuitive. However, it is 
possible to say that if the activity of all reactions in a given pathway increase proportionately then the fluxes 
of those reactions will increase by the same proportions while the concentrations of the intermediate me-
tabolites will remain unaffected [46]. For instance, it is possible that the enhanced flux towards Gly and Ser 
evaluated by others [43,47] and predicted by our model cannot lead to any measurable changes in the con-
centration of these amino acids, likely because of a tight coupling between production and consumption of 
these compounds. Consequently, there is no inherent inconsistency between the experimental and the 
model results reported here.
Effect of glycerol on carbon metabolism. On the other hand, other metabolic changes were pinpointed 
by our comparison of light and light + carbon driven growth, using complementary approaches (lipidomics, 
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transcriptomics and metabolomics). After 5 days of growth, the majority of the differentially regulated genes 
encode proteins associated with carbon and lipid metabolism. This result suggests that glycerol induces a 
specific modification of cellular metabolism in order to cope with the increased availability of carbon. The 
extra energy flux provided by the glycerol to cells grown in non-limiting light conditions (Fig.1A, 0 to 5 days) 
is possibly diverted to storage, as confirmed by Nile Red staining (Fig. 3A, B). Genes encoding factors in-
volved in cell regulatory process and cell cycle progression were unaffected in cells grown under mixo-
trophic as opposed to phototrophic growth conditions. Given that glycerol has a clear effect on growth, we 
can speculate that these genes were differentially regulated in the first days following glycerol addition, but 
that their expression level had returned to normal by treatment day 5 which we investigated here. Most 
importantly we strongly believe that the observed changes in central-carbon, carbon-storage and lipid me-
tabolismin mixotrophycally vs phototropically grown P. tricornutum cells are consistent with the modelling 
results. 
In the modelling results, glycerol enters central carbon metabolism via  its conversion to glycerol phos-
phate by glycerol kinase and thereafter by glycerol 3 phosphate dehydrogenase to DHAP. This is con-
sistent with the observed effects of overexpression of two enzymes involved in glycolysis and gluconeo-
genesis namely TPI (PHATR_50738) and FBPac5 (PHATR_51289) in the microarray analysis (table I). The 
higher level of pyruvate (Supplementary Fig. 3) can be explained by the higher glycolytic ﬂux. Modelling 
suggests that pyruvate can be fermented to lactate via  LDH, act as a substrate for lipid synthesis or be 
converted via pyruvate carboxylase to OAA which enters the TCA cycle. The latter route is supported by 
the experimentally observed increase in lactate concentration data and the increased respiratory rate. 
The modelling results also suggest increased ﬂuxes to storage carbohydrate in the presence of glycerol. 
This too, is consistent with our experimental data, although we additionally observed an increase in treha-
lose and mannitol, and not just chrysolaminarin as predicted by the model analysis. This finding suggests 
that besides chrysolaminarin, which is the most abundant carbohydrate storage form in diatoms [48], P. 
tricornutum can accumulate, at least to some extent, other storage sugars when provided with external 
organic carbon. Consistent with this, P. tricornutum possesses a complete set of enzymes for the biosyn-
thesis of trehalose and mannose and we observed that one of them was up-regulated by glycerol (i.e. 
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GDP-mannose 4,6-dehydratase, PHATR_25417). Moreover, we identified a putative mannitol dehydrogen-
ase in the genome of Phaeodactylum (i.e.  PHATH_30246) that is involved in the conversion of the man-
nose into mannitol. This gene showed some homology (c. 37, 2%) with the mannose dehydrogenase en-
zyme M1PDH from the brown algae Ectocarpus siliculosus. Both the trehalose and mannitol pathway have 
been already identified in brown algae, where they appear to have been inherited from the red algal pro-
genitor and via  lateral gene transfer from Actinobacteria  respectively [49]. Thus, it seems reasonable to 
assume that a similar situation may be present in P. tricornutum. Alternatively, it is conceivable that the 
observed changes in mannitol and threalose upon addition of glycerol represent a response to an in-
creased osmotic pressure induced by this compound. Consistent with this idea, previous data in both pro-
karyotes and eukaryotes [50-52], have shown that both trehalose and mannitol are induced by osmotic 
stress. 
Our experimental analysis also points to glycerol mediated effects on lipid metabolism, consistent with 
previous reports [11]. Our modelling results suggests that glycerol can be metabolized to contribute to TAG 
biosynthesis by providing the glycerol-backbone as well as providing substrates for FA biosynthesis, pro-
ducing the acyl groups required for TAG assembly (Fig. 6). These results are also corroborated by our mi-
croarray analysis, which reveals an up-regulation of the fatty acids desaturases ptd9 (PHATR_ 28797) as 
well as the acetyl-transferase dagat2d (PHATR_ 43469) involved in the FA and TAG biosynthesis, respec-
tively. Moreover, our analysis of the FA composition of TAGs in glycerol treated cells suggests that their 
accumulation is due to de novo synthesis as well as to the degradation of some pre-existing membrane 
lipids. In general, TAGs can be produced by two main routes: i.  de novo synthesis of fatty acids directly 
incorporated into TAGs via  the Kennedy pathway involving a diacylglycerol acyltransferase and de novo  
DAG and acetyl-CoA synthesis (e.g.  [19,25]), or ii.  conversion of pre-existing polar glycerolipids [53]. TAGs 
generated by the first route contain newly generated fatty acids, i.e. , high levels of C16:0 and C16:1 FAs. 
Conversely, TAGs obtained from recycling of membrane lipids contain fatty acids with a substantial propor-
tion of elongated and polyunsaturated molecular species such as C20:5 fatty acids. Our data (Supplemen-
tary Fig. 1) indicate that glycerol-grown cells contain a higher amount of 16:0 and 16:1 fatty acids, con-
sistent with the occurrence of de novo  synthesis. However, glycerol also leads to an increased accumula-
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tion of C20:5 fatty acids, consistent with the occurrence of some membrane lipid turnover. This behaviour is 
very similar to that observed in P. tricornutum cells upon exposure to nitrogen starvation [19]. However, in 
contrast with N limited cells, glycerol supplemented cells do not display i.  any significant degradation of the 
most abundant thylakoids lipids, i.e.  MGDG and DGDG (Supplementary Fig. 2), or ii.  any loss of photosyn-
thetic activity (Fig. 2). Thus, although the consequences of glycerol addition of lipids are reminding of those 
of nitrogen starvation [19] in terms of TAG accumulation and changes in the fatty acids profile, this com-
pound seems to act mainly at the level of lipid biosynthesis rather than degradation. 
The model analysis highlights possible changes in flux distribution in the metabolic network and chang-
es in biomass composition, again consistent with our experimental observations. However, FBA and relat-
ed approaches do not fully explain changes in the steady-state concentration of internal metabolites. One 
of the routes for alanine synthesis is the reversible transamination of pyruvate and following simple logic 
one would expect to see an increase in alanine co-incident with an increase in pyruvate. Similarly, pyruvate 
is also the carbon precursor of valine and leucine in the chloroplast and an increase in these amino acids 
was also expected. A possible explanation for the observed decrease in valine and leucine concentration 
would be to assume a heterogeneous distribution of pyruvate in the cells. As FA synthesis is boosted in the 
presence of glycerol and de novo FA biosynthesis occurs in the chloroplast, it might be that while pyruvate 
increases globally at the cellular level (explaining the increased levels in Supplementary Fig. 3), its concen-
tration could be lower in the chloroplast, because of efficient consumption by the plastidial pyruvate dehy-
drogenase during FA synthesis. An increased availability of glycerol 3-phosphate for lipid synthesis might 
also effectively “drain” the FA biosynthetic pathway. This could relieve product inhibition of pyruvate dehy-
drogenase, ultimately reinforcing pyruvate consumption in the chloroplast. 
Effect of glycerol on biomass productivity. Glycerol addition leads to a substantial increase in growth in 
Phaeodactylum (Fig. 1). However, a careful analysis of its effects on growth reveals that not all the glycerol 
provided to the cells is converted into biomass. While almost 1gL-1 of glycerol was consumed during algal 
cultivation (Fig. 1B), the cell number was increased from 5*105 cells L-1 to 2*107 cells L-1. Based on the 
relationship between cell number and biomass (DCW) in our samples, this corresponds to around 0.6 g L-1 
of biomass increase. Thus, the consumption of glycerol does not directly match to the increase of biomass. 
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The model results, described above, provide a potential resolution to this apparent contradiction: as the 
rate of glycerol uptake was increased, there was a decrease in the CBB cycle. Furthermore, the calculated 
fluxes in the mitochondria responded to increased glycerol uptake in a broadly opposite sense to those of 
the CBB cycle, leading to an increased production of CO2. Both these responses resulted in a reduction of 
net CO2 fixation in the model, and this provides a working hypothesis to explain the difference between the 
experimental consumption of glycerol and increase in biomass. 
Conclusion 
This work highlights the potential of mixotrophic growth for biotechnology applications. Indeed, mixo-
trophy can enhance biomass productivity while providing advantages in terms of lipid accumulation, which 
are normally seen under nutrient starvation. While glycerol induces some responses typical of nitrogen 
limited cells with regard to TAG accumulation (Fig. 4) and FA composition (Supplementary Fig. 1), no inhi-
bition of the photosynthetic capacity of the cell is seen in the presence of this compound (Fig. 2). 
By revealing the main metabolic pathways targeted by glycerol, our work also suggests possible targets 
for metabolic engineering. For instance, inhibition of the biosynthesis of storage carbohydrates could poten-
tially divert carbon (derived from glycerol) towards TAG production. This was observed in our model analy-
sis and also already reported in the case of the main sugar storage polymer, chrysolaminarin [54]. It is 
hoped that ongoing integration of our data into a mathematical model could reveal other possible target to 
further increase the algal production capabilities. 
The observed capacity to use glycerol supplied in the medium suggests the existence a glycerol trans-
porter (most likely an aquaporin type transporter). The identification and characterization of such system 
would have relevant consequences to understand its role in natural conditions (the ocean water are often 
enriched in organic carbon due to the relatively high turnover of the plankton components) and inspire bio-
technological developments. The parallel use of engineered strains and new substrates for growth (Sup-
plementary Fig. 5) could largely improve biomass productivity in mixotrophically grown microalgae. 
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Tables 
Table I. Relevant genes regulated in mixotrophic growth. The table shows the genes selected by t-test analy-
sis in microarray analysis that significantly changed (Log2 fold change> ±0.75, p value < 0.01) in transcript 
abundance between mixotrophic and phototrophic conditions. In the case of genes related to carbon metabo-
lism sub-cellular localization prediction using ChloroP, TargetP (Emanuelsson et al., 2007) and ASAFind 
(Gruber et al., 2015) is reported. Expression values are the average of three biological replicates ± SD. Chlo-
ro: chloroplast localization; Mito: mitochondrial localization; np: negative prediction. 
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Figure captions 
Fig.1 Growth curves and nutrients consumption of Phaeodactylum tricornutum . A. Growth curves of P. tricor-
nutum  cells in N-replete and N-deplete condition in the presence/absence of glycerol. Two different starting 
cell density were used in N-replete and N-deplete condition: 106 cells/mL and 2x106 cells/mL respectively. B. 
Glycerol consumption of P. tricornutum  cells in N-replete conditions. C. Nitrate and D. phosphate consumption 
kinetics in P. tricornutum  cultures in N-replete condition in the presence/absence of glycerol; Each result is the 
average of two biological replicates ± SD. PHOT: light in N-replete condition; PHOTO-N: light in N-deplete 
condition; MIX: light+glycerol in N-replete condition; MIX-N: light+glycerol in N-deplete condition.   
Fig.2 Photosynthetic activity in P. tricornutum . A. Photosynthetic efficiency represented as Fv/Fm ratio; B. 
Non-photochemical quenching (NPQ) and C. Electron transport rate (ETR) of cells cultivated for 5 and 10 days 
in N- replete or N- deplete conditions in both phototrophic and mixotrophic mode. Each result is the average of 
two biological replicates ± SD. PHOT: light in N-replete condition; PHOTO-N: light in N-deplete condition; MIX: 
light+glycerol in N-replete condition; MIX-N: light+glycerol in N-deplete condition.  
Fig 3 The network composed of reactions exhibiting change in ﬂux in response to increase glycerol uptake. In 
order to understand the potential metabolic response in presence of glycerol, Flux Balance Analysis, with min-
imisation of sum of absolute ﬂuxes as objective function along with biomass production constraint, was per-
formed repeatedly with gradual increase in glycerol uptake. This analysis was used to identify reactions with 
co-related response to change in glycerol uptake in presence of light. Reactions r1-r20: Calvin cy-
cle/Glycolysis/Gluconeogenesis, r21: Pyrdh, r22-r32: TCA cycle, r33-r35: C4 metabolism, r36-r40: Thr me-
tabolism, r41-r45: Glycerate metabolism, r46-r47: Oxidative pentose phosphate pathway, r48-49: Glycerol 
degradation, r50: RuBP oxygenase, r51: Glycolate oxidase, r52: LHD, I-V:ETC, AOX: Alternative oxidase, L1-
L2: Light reactions. Reactions with increased flux is denoted by green while those with reduced flux is denoted 
by red. Note: Flux in RuBP carboxylase decreases however flux in most of the reactions involved with Calvin 
cycle increases as they are also associated with other metabolic routes. External metabolites are denoted in 
the boxes, CO2 and O2 are considered to be exchanged between the organism and the medium. 
Fig.4 Glycerolipid production in P. tricornutum . A. Epifluorescence images of cells, at their 5th day of growth, 
stained with Nile Red dye. B. Neutral lipid content normalized per millions of cells determined by Nile Red 
staining at day 5 and 10. C. Total lipids accumulation at day 5 in P. tricornutum  expressed as percentage of 
dry weight. D. DAG and E. TAG accumulation at day 5 in P. tricornutum  normalized per mg of dry cells. Each 
result is the average of two biological replicates ± SD. PHOT: light in N-replete condition; PHOTO-N: light in N-
deplete condition; MIX: light+glycerol in N-replete condition; MIX-N: light+glycerol in N-deplete condition. 
Fig.5 Metabolomic analysis of P. tricornutum  grown in N-replete condition. The ratio log2 mixo/photo> 0 (green 
spots) represents all the metabolites that were over-expressed in mixotrophy in replete condition, while the 
ratio log2 mixo/photo< 0 (red spots) the metabolites down-regulate in this condition. Each result is the average 
of six biological replicates 
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Fig. 6 Hypothetical mode of action of glycerol supply on metabolism and mixotrophic growth of Phaeodacty-
lum. The supply of glycerol can impact on A. central carbon, B. storage carbon and C. lipid metabolism during 
the mixotrophic growth of Phaeodactylum. Glycerol likely fuels the lower part of glycolysis, followed by the 
acetyl-CoA and TAG productions and the upper part of gluconeogenesis, followed by carbohydrate production. 
Italic green type represents gene transcripts found to be up-regulated in presence of glycerol in microarray 
analysis. Gene ID numbers are also indicated. Bold green or red type represents metabolites that were de-
tected in the current study by GC-MS analysis in cells grown in mixotrophy or phototrophy respectively. The 
pyruvate was detected by “Pyruvate Assay Kit” and TAG in lipidomics analysis. Glyc3P: glycerol 3 phosphate; 
DHAP: dihydroxyacetone phosphate; GAP: glyceraldehyde-3 phosphate; FA: fatty acid; ALA: alanine; LEU: 
leucine; VAL: valine; F6P: fructose-6-phosphate; G6P: glucose-6 phosphate; EPA: eicosapentaenoic acid; 
DHA: docosahexaenoic acid; tpi: Triose phosphate isomerase; fbac5: fructose bisphosphate aldolase; 
dagat2d: Diacyl Glycerol acyltransferase 3 phosphate, gmd: GDP-mannose 4,6-dehydratase, ptd9: fatty acids 
desaturases 9.  
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Supplementary Fig. 1 Quantitative analysis of P. tricornutum glycerolipids. TAG profile in a total lipid extract 
from cells grown in replete conditions (A) and deplete conditions (B) in both mixotrophic and phototrophic 
mode. Glycerolipids are expressed in nmol / mg of dry cells. Each result is the average of two biological repli-
cates ± SD. PHOT: light in N-replete condition; PHOTO-N: light in N-deplete condition; MIX: light+glycerol in 
N-replete condition; MIX-N: light+glycerol in N-deplete condition.
Supplementary Fig. 2 Membrane lipid composition in P. tricornutum. Lipid analysis of cells grow in N-replete 
conditions and N-deplete conditions in both mixotrophic and phototrophic mode. Each result is the average of 
two biological replicates ± SD. SQDG, sulfoquinovosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; 
MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PHOT: light in N-replete condition; PHOTO-N: 
light in N-deplete condition; MIX: light+glycerol in N-replete condition; MIX-N: light+glycerol in N-deplete condi-
tion 
Supplementary Fig. 3 Quantification of intracellular pyruvate by a fluorescence-based method. A. Pyruvate 
standard curve. B. Quantification of intracellular pyruvate in cells grown in phototrophy (PHOT) and mixo-
trophy (MIX). 
Supplementary Fig. 4 A Respiration and photosynthesis in P. tricornutum cells. Direct assessment of oxygen 
consumption by a polarographic approach in both phototrophy (black bar) and mixotrophy (red bar). B. Fluo-
rescent based-assay to monitoring the changes in respiration using the Redox Dye A in presence of the se-
lected compounds (see methods). 
Supplementary Fig. 5 Screening of mixotrophic efficiency by biolog and redox dye assay in P. tricornutum. A. 
OD750 nm changes (relative to phototrophic growth) of P. tricornutum cells grown for 6 days in BiologTM plates 
P1 and PM2A that contains 190 carbon compounds (see methods). Each data point represents a different 
compound. B. Growth profile of P. tricornutum on few selected compounds (at 20 mM) and a phototrophic 
control in 100 mL flasks. C. Areas under the growth curves of Supplementary Fig. 5B normalized to the area of 
the curve of phototrophic growth.  
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